Abstract. The interactions between aerosols and convective clouds represent some of the greatest uncertainties in the climate impact of aerosols in the atmosphere. A wide variety of mechanisms have been proposed by which aerosols may invigorate, suppress, or change the properties of individual convective clouds, some of which can be reproduced in high-resolution limitedarea models. However, there may also be mesoscale, regional or global adjustments which modulate or dampen such impacts which cannot be captured in the limited domain of such models. The Convective Cloud Field Model (CCFM) provides a 5 mechanism to explicitly simulate a population of convective clouds within each grid column at resolutions used for global climate modelling, so that a representation of the microphysical aerosol response within each parameterised cloud type is possible.
The aerosol module HAM2 (Stier et al., 2005; Zhang et al., 2012 ) uses a two-moment modal approach to resolve the particle size distribution, which is based on M7 (Vignati, 2004) with four soluble and three insoluble modes. The particles in each mode are an internal mixture of up to five aerosol components (sulfate, sea salt, black carbon, particulate organic matter and mineral dust).
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As in many models, clouds are divided into large-scale stratiform clouds and convective clouds. The former use a twomoment microphysics scheme (Lohmann et al., 2007; Lohmann and Hoose, 2009 ) with prognostic variables for liquid water content, ice content, droplet number concentration and ice particle number concentration. Cloud cover fraction uses the Sundqvist et al. (1989) diagnostic scheme based on relative humidity. In standard ECHAM-HAM, convective clouds are parmeterised with a bulk mass-flux scheme (Tiedtke, 1989; Nordeng, 1994 ) -we use this for "control" simulations, but our 100 main results are based on replacing this with the Convective Cloud Field Model (CCFM) described in Section 2.2.
In this study, we use version ECHAM6.1-HAM2.2-MOZ0.9 in ECHAM-HAM configuration (i.e. with the MOZ chemisty switched off) at T63L31 resolution. This corresponds to about 1.875
• , with 31 vertical levels and a model top at 10 hPa. As in Kipling et al. (2017) , on top of the "standard" configuration, we use the Abdul-Razzak and Ghan (2000) aerosol activation scheme for stratiform clouds, including a multi-bin distribution of updraught velocities following West et al. (2014) . 
The Convective Cloud Field Model (CCFM)
CCFM is a spectral convective parameterisation which aims to represent the large-scale effects of an ensemble of multiple convective cloud types within each GCM column. This is based on the framework of Arakawa and Schubert (1974) , coupled with an explicit entraining plume model for each type of cloud. The heterogeneous cloud types are forced by their grid-scale environment, and each has an impact on this shared environment via entrainment and detrainment; these impacts can in turn 110 produce a feedback on other cloud types. The resulting interactions, characterised in terms of competition for convective available potential energy (CAPE), form a set of Lotka-Volterra type equations. If convective quasi-equilibrium is assumed, these equations can be solved to determine the number of clouds of each type in the ensemble.
The individual cloud types are represented by a steady-state entraining plume model following Simpson and Wiggert (1969) and Kreitzberg and Perkey (1976) , with an entrainment coefficient inversely proportional to the cloud radius. Cloud micro-115 physics within the plume are calculated according to the one-moment bulk scheme used in ECHAM5 (Lohmann and Roeckner, 1996; Zhang et al., 2005) . Without implementing a full two-moment microphysics scheme, this has been extended with a simple treatment of the evolution of CDNC within the rising parcel as in Labbouz et al. (2018 ) -whereas in Kipling et al. (2017 CDNC was assumed to remain constant from activation at cloud base to cloud top. In the revised scheme, the CDNC derived from cloud-base activation is updated as the parcel rises with accretion, autoconversion, freezing and dilution by entrainment 120 acting to reduce CDNC. (The activation of additional droplets above cloud base is not currently included).
Further details of CCFM can be found in Wagner and Graf (2010) and Kipling et al. (2017) . 
Aerosol coupling
There are a number of mechanisms by which, without CCFM, ECHAM-HAM already supports aerosol effects on climate: direct radiative effects by scattering and absorption; semi-direct effects as cloud (both large-scale and convective) adjusts to 125 the modified thermal profile; the cloud albedo effect due to changes in CDNC in the large-scale cloud scheme; and effects on (large-scale) cloud microphysics due to changes in CDNC, e.g. enhanced liquid water path due to rain suppression.
When using the standard Tiedtke-Nordeng convection scheme, there is no explicit coupling of aerosols and convection; however both the direct radiative effects and those on the large-scale cloud scheme (Lohmann et al., 2007 ) may nevertheless invoke a convective feedback. As mentioned above, Lohmann (2008) introduced aerosol-aware two-moment microphysics 130 experimentally into this convection scheme, subject to the limited information available on vertical velocity and variation between clouds. With CCFM, these latter points can be taken into account much more explicitly since cloud-base vertical velocity is estimated directly from the sub-cloud triggering model, and the variation across the cloud spectrum represented explicitly (Kipling et al., 2017) .
Activation at cloud base for each CCFM cloud type is calculated using the parameterisation of Abdul-Razzak and Ghan
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(2000), as in the large-scale cloud scheme, but using the convective-scale updraught velocity to determine CDNC at cloud base. This gives rise to two distinct types of aerosol-convection effects:
microphysics effects due to changes in droplet number propagating through the convective cloud microphysics, including changes in autoconversion rates, glaciation and associated latent heat release etc. (Heikenfeld et al., 2019) , which affect the development of a given cloud type as the parcel rises, in turn potentially changing the balance of different cloud types 140 in the competition for CAPE.
anvil effects due to changes in the number (and thus size) of droplets and ice particles detrained from CCFM into the largescale cloud scheme, which does not directly affect the development of the convective plumes but will alter their radiative effects, potentially feeding back on subsequent convection via changes to the thermodynamic profile and circulation.
(The parameterised updrafts themselves do not interact with the radiation scheme directly, only via the detrained con-145 densate as is the practice in many other models.)
In addition to these effects arising from aerosol interacting directly with convective cloud, there are the semi-direct effects due to aerosol-radiation interactions altering the thermodynamic profile and hence the CAPE and convective inhibition (CIN) in the environment. Particularly in the context of heating due to absorbing aerosol, these effects have been shown to have a significant effect on convective behaviour (e.g. Ackerman et al., 2000; Yamaguchi et al., 2015) which may dominate over the 150 microphysical pathway in certain regimes.
In both the CCFMall_* and CCFMµphy_* simulations, the modelled CDNC is used in the microphysical parameterisations of the CCFM cloud model, enabling the microphysical effects; in CCFMall_* it also controls the number of droplets detrained into the large-scale cloud scheme, enabling the anvil effects, while in CCFMµphy_* only the bulk condensate is detrained without any explicit CDNC or size distribution (as when Tiedtke-Nordeng is used in standard ECHAM-HAM). In CCFMfix_*, the activation calculation is bypassed altogether; a fixed CDNC is assumed in all CCFM convective clouds, and bulk condensate is detrained.
CCFM is only able to represent a subset of the possible aerosol effects on convective microphysics through changes in rain formation rates (autoconversion and accretion), and hence the amount of cloud water available to freeze. However, this pathway appears to be key to aerosol effects on convective clouds (Heikenfeld et al., 2019 ) and the approach is conceptually 160 able to represent the thermodynamic invigoration proposed by Rosenfeld et al. (2008) , even though it does not account for the separation of processes into latent heat release from freezing followed by off-loading of the condensate mass by falling precipitation Grabowski and Morrison (2016) , and it is important to recognise the limitations of the Lagrangian entraining plume for representing other proposed mechanisms. In particular, the Lagrangian perspective cannot easily describe the noninstantaneous fall of precipitation through the plume as it rises, and CCFM does not currently attempt to do so. This means 165 that, for example, the Fan et al. (2013) mechanism cannot possibly be captured since it hinges on changes to the fall speed.
Similarly, in the absence of finite fall speeds, a proper representation of the melting of falling ice is not possible.
3 Experimental set-up
Simulations
In order to quantify the role of each of these mechanisms, including rapid adjustments and feedbacks, we have run the model 170 in a number of different aerosol-coupling configurations which differ in the inclusion or exclusion of one of these mechanisms, as shown in Table 1 .
Each configuration is run with both present-day (PD, year 2000) and pre-industrial (PI, year 1850) climatological emissions of aerosols and precursors, following the AeroCom Phase II/ACCMIP recommendations (http://aerocom.met.no/emissions.html).
Only aerosol emissions differ between the simulations in each pair: greenhouse gases, ozone, sea-surface temperatures etc. are 175 fixed to present-day climatology in all cases.
The simulations have each been run for a period of 10 years (plus 15 months' spin-up). To illustrate the aerosol perturbation that may lead to any aerosol-convection interactions, Figure 1 shows the differences between the CCN concentrations at the surface, large-scale cloud base and convective cloud base in the PD and PI simulations. The concentrations at convective cloud base look very similar to those at the surface: particles are mixed very rapidly throughout the planetary boundary layer (PBL), 
Analysis
The set of model configurations, with aerosol coupling processes successively activated, allows the response of any given model output to each process to be quantified via the difference between two of these configurations as detailed in Table 2 .
We analyse this information from three different perspectives. Firstly, we look at the precipitation fields averaged over the whole 10-year period to identify the processes which affect the climatological distribution of precipitation in the model. 
Results
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Mean precipitation response
The 10-year mean precipitation response to anthropogenic aerosol in the simulations with both Tiedtke-Nordeng and CCFM convection is shown in Figure 2 . In addition to the "all effects" panel which shows the PD−PI difference with all feedbacks active, this is broken down into the separate large-scale and CCFM responses via the additional simulations as described above. (For Tiedtke-Nordeng, only large-scale response mechanisms exist.) These effects are of a similar magnitude and in 200 many regions they can oppose one another such that the overall precipitation change is not clearly driven by one mechanism in particular. CCFM and the large-scale effects drive a decrease in precipitation in China, while there is little change in India due to compensation between large-scale and CCFM effects; partial compensation is also observed over the Amazon. TiedtkeNordeng, with only large-scale effects represented, shows some differences in the regional pattern of responses (e.g. in India and Australia), but also similarities in areas like China where the CCFM effect on precipitation is relatively weak. In the zonal 205 mean, the difference remains noisy, with the only overall feature being a very small decrease in precipitation in the tropics coming from the large-scale effects. Figure 3 shows the fraction of total precipitation which comes from the convective parameterisation when using CCFM (rather than from the large-scale cloud and precipitation scheme), and also the PD−PI change due to all effects and due to the convective microphysics alone. With CCFM, a slightly larger fraction of the total precipitation is produced in the convective 210 parameterisation compared to Tiedtke-Nordeng (not shown), although this split is largely arbitrary and often varies from one model configuration to another. In both cases the fraction of tropical precipitation described as convective by the model is significantly larger than that classified as such by radar observations (Labbouz et al., 2018) . This is likely due to the absence of mesoscale organisation with embedded stratiform precipitation in parameterised convection, one of the features highlighted by the Tropical Ocean-Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE; Houze, 1997; is a small decrease over the continental northern mid-latitudes, coming from a combination on large-scale and CCFM effects, while a smaller decrease in the southern mid-latitudes results from the large-scale effects alone. This becomes clearer when looked at in the zonal mean.
Regional cloud field response
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The explicit sub-grid-scale cloud fields of CCFM allow us to look more closely at the effects on simulated cloud morphology in a way that is not possible with a bulk mass-flux scheme like Tiedtke-Nordeng. The left column of Figure The change in these distributions between PI and PD aerosol conditions does not show a consistent pattern, but varies 230 considerably between regions and regimes. In the Amazon, we see a shift from broad deep clouds to narrower and shallower ones, either due to reduced development of the clouds or the triggering of clouds from smaller initial parcels. As there is no direct mechanism by which aerosol can retard the development of an individual cloud in CCFM, this is likely to be the result of either reduced CAPE in the environment, or reduced CIN allowing smaller clouds to trigger. India is similar, but with only a slight lowering of the deepest clouds. In China, the dominant effect is simply an overall reduction in the amount of convective 235 cloud (with the deep clouds most affected and only a slight increase in the smallest and shallowest clouds), suggesting a reduction of the large-scale convective forcing in the region -perhaps associated with changes to the monsoon circulation (e.g. Guo et al., 2013; Li et al., 2016 ) -or increased atmospheric stability due to the semi-direct effect of absorbing aerosol. The Caribbean, on the other hand, exhibits both a deepening of the main shallow-cloud regime, and also an increase in the small amount of much deeper cloud, suggesting some form of convective invigoration.
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In order to disentangle these different responses, we turn to look at the separate contributions of the different mechanisms. Figure 5 shows these regional cloud field responses broken down into large-scale and convective mechanisms as listed in Table 2 . (A further breakdown into ACI, ARI and the convective microphysics and anvil effects, is shown in the supplement.)
In the three deep convective regions (Amazon, India and China), the total aerosol effect on the cloud field is clearly dominated by that which occurs when only the large-scale mechanisms are active, as shown in the LS row of Figure 5 In the shallow-to-deep transition environment of the Caribbean, however, the weaker large-scale forcing leaves room for fur-ther vertical development of the convective cloud, and the total effect appears to be driven by the convective microphysics (as shown in the CCFM row of Figure 5 ). The response via large-scale mechanisms alone is quite small and indistinct in comparison. Coupled with the results in the other regions, this suggests that where aerosols cause a change in the large-scale convective forcing or atmospheric stability this is the dominant effect. While direct impacts of the aerosol on convective microphysics are present, on larger scales their effects are overpowered by such changes to the "first-order" parameters controlling the convective 255 behaviour. In particular, the quasi-equilibrium hypothesis ensures that, by construction, CCFM and other Arakawa-Schuberttype schemes are constrained to balance the large-scale forcing by the nature of their closure (at least in the mean, although changes in the distributions of cloud type and precipitation rate are still possible).
The idea that aerosol effects on convective microphysics are easily obscured by changes to the large-scale forcing is consistent with idealised studies (e.g. Lee et al., 2008; Fan et al., 2009) The changes to the vertical profile of rain and ice production (and associated latent heat release) within the CCFMparameterised convective clouds (Figures 6 and 7) show that the response in the Amazon and China is again dominated by changes to the large-scale forcing, while in the Caribbean both are dominated by the response of the convective microphysics.
Over India, their overall effect appears to be a more complex combination of the two mechanisms, even though the impact on 270 the spectrum of cloud-top pressure is largely that of the large-scale forcing. The delaying of rain production to higher levels seen in the Caribbean, and greater ice production above, is exactly the signature of convective invigoration as described by Rosenfeld et al. (2008) , suggesting that this can be a regionally important effect within a full global model, but only in a limited range of conditions.
Implications for radiative forcing
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The direct and indirect responses of parameterised convective clouds to aerosol have the potential to contribute positively or negatively to the overall effective radiative forcing due to aerosol-cloud interactions (ERFaci). These cannot in general be captured by the bulk mass-flux parameterisations commonly used in global climate models, and thus CCFM provides a novel and potentially useful tool for investigating their role from a modelling perspective at the global scale.
With Tiedtke-Nordeng, there is only a single class of aerosol-cloud interactions represented in the large-scale cloud and 280 precipitation; using CCFM this contribution (ERFaci_ls) is joined by that due to interactions between aerosol and convection scheme itself (ERFaci_cv) if these are activated. These two combine to produce the total ERFaci. The extra ERFaci_cv seen ).
Conclusions
285
By explicitly considering convective microphysics and the sub-grid-scale heterogeneity of convective cloud, the Convective Cloud Field Model (CCFM) allows a physically-based parameterisation of aerosol-convection interactions to be included in a global atmospheric model. This extends the more usual state of the art, where only aerosol interactions with large-scale liquid clouds are explicitly represented in global models.
Using 10-year ECHAM-HAM-CCFM simulations with each of the interaction mechanisms (de-)activated in turn, we have 290 shown how the different processes and feedbacks typically interact to produce an overall response. The global mean precipitation response is not dominated by one process, but results from a combination of convective and large-scale microphysics, and feedback from aerosol-radiation interactions. To a large extent, these tend to counter one another, as expected based on the energetic control of global mean precipitation.
The impacts on cloud field morphology are also a combination of large-scale and convective mechanisms, with consider-295 able regional variation. In the deep convective regions, the overall response is dominated by the combination of large-scale radiative and cloud effects (including their feedbacks on circulation), with a smaller countering contribution from convective microphysics via changes in the vertical profiles of process rates within the CCFM cloud model. In the Caribbean shallow convection region, however, the response of the convective parameterisation itself to the aerosol dominates, with rain suppression, enhanced glaciation and deeper clouds indicative of convective invigoration.
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These results are consistent with previous more idealised studies which have suggested that shallower regimes with weaker forcing may be more susceptible to aerosol-induced invigoration than strongly-forced deep convection, and that aerosol microphysical effects become apparent only when they are not overpowered by the greater effect of changes to the large-scale forcing.
These conclusions have in general been based on idealised or limited-area models; this study shows evidence that they also hold in the context of the global atmosphere with all its feedbacks. However, the assumption of convective quasi-equilibrium 305 in CCFM and many other convective parameterisations implicitly requires the large-scale forcing to be the dominant control on convection; at least a relaxation of this assumption may be required to investigate any cases where aerosol might have a dominant effect despite changes to the large-scale forcing.
However, the results also show that, allowing for feedbacks on convective forcing via energetic and water-budget constraints, the traditional invigoration hypothesis does not apply globally. This has implications in particular for nested convection-310 resolving simulations in which the large-scale forcing remains fixed, suppressing these feedbacks which may be key to the total response of the system to increased aerosol.
From an effective radiative forcing perspective, a small additional effective forcing is seen from the aerosol-convective interactions captured in CCFM, but with 10 years of data this is of marginal statistical significance. Thayer-Calder, K., Gettelman, A., Craig, C., Goldhaber, S., Bogenschutz, P. A., Chen, C.-C., Morrison, H., Höft, J., Raut, E., Griffin, B. M., Weber, J. K., Larson, V. E., Wyant, M. C., Wang, M., Guo, Z., and Ghan, S. Table 2 . The top row shows the PD distributions, while the bottom row shows the PD−PI difference (both with all effects included as in Figure 4) ; the middle rows show the contributions from large-scale and CCFM (convective) mechanisms. Note that the colour scales are identical between mechanisms to allow comparison of their magnitude, but not between the different regions. A further breakdown into individual process effects, along with additional regions, is included in the supplement. Figure 7. Regional change in the vertical profile of ice production (and consequent latent heat release) within CCFM clouds, weighted by mass. The top row shows the PD distributions, while the bottom row shows the PD−PI difference (both with all effects included); the middle rows show the contributions from large-scale and CCFM (convective) mechanism. Note that the colour scales are identical between mechanisms to allow comparison of their magnitude, but not between the different regions. A further breakdown into individual process effects, along with additional regions, is included in the supplement. 
